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$VSDUWRIWKHHOHFWURPRELOLW\HGULYHVDQGSRZHUHOHFWURQLFVPDGHRIFRSSHUFRPSRQHQWVKDYHWREHLQWHJUDWHG
LQWKHSRZHUWUDLQRIPRGHUQYHKLFOHV)RUDVXFFHVVIXOLQWHJUDWLRQWKHUHLVDQHHGIRUUREXVWMRLQLQJSURFHVVZLWKD
ORZKHDWLQSXWIRUDUHOLDEOHSRZHUWUDQVPLVVLRQEHWZHHQWKHHOHFWULFDOFRPSRQHQWV2QHMRLQLQJSURFHVVWKDWIXOILOOV
WKHVHUHTXLUHPHQWVLVODVHUEHDPZHOGLQJ1HYHUWKHOHVVWKHUHDUHVRPHGLIILFXOWLHVLQODVHUEHDPZHOGLQJRIFRSSHU
7KHVH DUH IRU H[DPSOH WKH KLJK KHDW FRQGXFWLYLW\ RI SXUH FRSSHU:LHODQG:HUNH  DV ZHOO DV D ORZ JDS
EULGJLQJDELOLW\GXHWRWKHVPDOOIRFDOVSRWRIWKHODVHUEHDPDQGDORZDEVRUSWLRQIRULQIUDUHGZDYHOHQJWKVDWURRP
WHPSHUDWXUH+RIPDQQHWDO$PHWKRGWRFRXQWHUDFWWKLVLVWKHXVHRIILOOHUZLUHVVLQFHWKH\DUHNQRZQWR
HQKDQFHJDSEULGJLQJDELOLW\LQODVHUEHDPZHOGLQJRIFRSSHU0DQQHWDOEDQGRWKHUPHWDOV:HLJO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0RUHRYHUFRDWHGEDVHPDWHULDOVKDYHEHHQVXFFHVVIXOO\XVHGWRLPSURYHDEVRUSWLRQLQODVHUEHDPZHOGLQJRIFRSSHU
ZLWKLQIUDUHGZDYHOHQJWKV0DQQHWDOF0\VXQG6FKPLGWEXWXSWRQRZLWLVVWLOOQRWXQGHUVWRRGLI
WKH EHQHILFLDO HIIHFW RI FRDWLQJV RQ DEVRUSWLRQ FDQ EH WUDQVIHUUHG E\ XVLQJ FRDWHG ILOOHU ZLUHV LQ LQ ODVHU EHDP
ZHOGLQJRIFRSSHU7KXVWKLVSDSHULQYHVWLJDWHVWKHLQIOXHQFHRIFRDWHGILOOHUZLUHVRQWKHZHOGVHDPSURSHUWLHVRI
ODVHU EHDP ZHOGHG FRSSHU FRQQHFWLRQV ,Q WKLV FRQWH[W WKH UHVXOWLQJ ZHOG VHDP DUH HYDOXDWHG UHJDUGLQJ WKH
JHRPHWULFDOVKDSHWKHZHOGLQJPHWDOOXUJ\DQGWKHHOHFWULFDODQGPHFKDQLFDOSURSHUWLHV
6WDWHRIWKHDUW
7KH FKDUDFWHULVWLFDOO\ SURSHUWLHV RI FRSSHU DUH D KLJK KHDW FRQGXFWLYLW\ :LHODQG :HUNH  DQG D ORZ
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 &RQVHTXHQWO\ VRPH SUREOHPV HJ
PHOWHMHFWLRQVSRUHVVSDWWHUVDQGFROODSVHVRIWKHNH\KROHRFFXUGXULQJODVHUEHDPZHOGLQJRIFRSSHUZLWKPXOWL
NLORZDWW EHDP VRXUFHV ZKLFK DUH XVHG LQ LQGXVWULDO DSSOLFDWLRQV WRGD\ +HLGHU HW DO  7KHUHIRUH VRPH
DSSURDFKHVZHUH LQYHVWLJDWHG WRFRXQWHUDFW WKRVHZHOG LPSHUIHFWLRQVZKLFKFDQEHFODVVLILHG LQ WZRJURXSV7KH
ILUVWJURXSPRGLILHV WKHVXUIDFHVRI WKHPDWHULDOV LQRUGHUWRJDLQEHWWHUUHVXOWVGXULQJODVHUEHDPZHOGLQJ,Q WKLV
FRQWH[W*ODVPDFKHU  LQYHVWLJDWHG WKH SRVLWLYH HIIHFW RI R[LGH OD\HUV RQ WKH DEVRUSWLRQ LQPLFUR VSRW ODVHU
EHDPZHOGLQJRIFRSSHUZKLOH%HUJVWU|PDQG0DQQGHWHFWDEHQHILFLDOHIIHFWRIVXUIDFHURXJKHQLQJ
RQWKHDEVRUSWLRQRIFRSSHUDOOR\VIRULQIUDUHGZDYHOHQJWKV%HVLGHVWKLV0DQQHWDOFDQG0\VXQG6FKPLGW
GHWHUPLQHGDEHWWHUDEVRUSWLRQIRU LQIUDUHGZDYHOHQJWK LIFRDWLQJVDUHXVHG IRU WKHEDVHPDWHULDOVGXULQJ
FRQWLQXRXVZDYHDQGSXOVHGZHOGLQJRIFRSSHU7KHVHFRQGJURXSVROYHVWKHSUREOHPVGXULQJODVHUEHDPZHOGLQJRI
FRSSHUE\DGDSWLQJWKHSURSHUWLHVRIWKHODVHUEHDP+HUH+HVVHWDOXVHVWKHLQFUHDVLQJDEVRUSWLRQRIFRSSHU
IRU ZDYHOHQJWK LQ WKH JUHHQ VSHFWUXP E\ DSSO\LQJ D ORZ SRZHU VHFRQGKDUPRQLF ODVHU EHDP ZLWK D VSDWLDO RU
WHPSRUDORIIVHW WRJHQHUDWHD VPDOOPHOWSRRO6XEVHTXHQWO\DKLJKSRZHU LQIUDUHG ODVHUEHDP LVFRXSOHG LQWR WKH
PHOWSRROZLWKDKLJKHIILFLHQF\DVDEVRUSWLRQRIFRSSHUIRULQIUDUHGZDYHOHQJWKLQFUHDVHVDWHOHYDWHGWHPSHUDWXUHV
+HVV HW DO  $QRWKHU DSSURDFK SUHVHQWHG E\ +HLGHU HW DO  XVHV DQ H[WHUQDO IXQFWLRQ JHQHUDWRU WR
PRGXODWHWKHODVHUSRZHURIDPXOWLNLORZDWWLQIUDUHGEHDPVRXUFHLQRUGHUWRVWDELOL]HWKHNH\KROHDQGWKXVUHGXFH
WKHQXPEHURIPHOWHMHFWLRQVVSDWWHUVDQGFROODSVHVRIWKHNH\KROH)XUWKHUPRUH+HLGHUHWDOLQYHVWLJDWHVWKH
LQIOXHQFH RI WKH LQWHQVLW\ RQ ODVHU EHDPZHOGLQJ RI FRSSHU ZLWK LQIUDUHG EHDP VRXUFHV DQG LGHQWLILHV D SURFHVV
ZLQGRZDWKLJKLQWHQVLWLHVLQZKLFKDVWDEOHSURFHVVFDQEHDFKLHYHG
+RZHYHU PRVW RI WKHVH DSSURDFKHV UHTXLUH VPDOO IRFDO GLDPHWHUV LQ RUGHU WR JDLQ D KLJK LQWHQVLW\ DQG WR
DFFXPXODWH D VXIILFLHQW DPRXQW RI HQHUJ\ IRU D VWDEOH GHHS ZHOGLQJ SURFHVV WR FRPSHQVDWH WKH KLJK KHDW
FRQGXFWLYLW\RIFRSSHU6LQFHMRLQLQJJDSVDUHOLNHO\WRRFFXULQLQGXVWULDODSSOLFDWLRQVGXHWRYDU\LQJJHRPHWULFDO
SURSHUWLHVRIWKHMRLQLQJSDUWQHUV.OHLQ0DQQHWDOELQYHVWLJDWHGWKHXVHRIILOOHUZLUHVLQODVHUEHDP
ZHOGLQJRIFRSSHUDOOR\VWRHQKDQFHJDSEULGJLQJDELOLW\$IXUWKHUUHVXOWRIWKLVDSSURDFKZDVDQLPSURYHPHQWRI
WKHPHFKDQLFDO DQG HOHFWULFDO SURSHUWLHV RI WKH MRLQWV WKURXJK WKH DSSOLFDWLRQ RI ILOOHUZLUHVZKHUHDV WKH HQHUJ\
FRQVXPSWLRQRI WKHSURFHVV LQFUHDVHVVLJQLILFDQWO\7RVROYH WKLVSUREOHP0DQQHWDO DXVHGNQXUOHG ILOOHU
ZLUHVWRLPSURYHDEVRUSWLRQRIWKHFRSSHUILOOHUZLUHVGXULQJWKHZHOGLQJSURFHVV:KLOHDEVRUSWLRQZDVLQFUHDVHG
IRUZHOGLQJSXUHFRSSHUZLWKNQXUOHGILOOHUZLUHVRQO\DVPDOOHIIHFWZDVGHWHUPLQHGIRUZHOGLQJEURQ]H%HVLGHV
URXJKVXUIDFHVFRDWLQJVDUHNQRZQWRLPSURYHDEVRUSWLRQLQFDVHRIWKHEDVHPDWHULDOV%XWXSWRQRZLWLVVWLOOQRW
XQGHUVWRRGLIFRDWHGILOOHUZLUHVLQGXFHDEHQHILFLDOHIIHFWLQODVHUEHDPZHOGLQJRIFRSSHUDOOR\VZLWKILOOHUZLUHV
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VKHHWVDUHVKHDUFXWWHG WRTXDGUDWLFVSHFLPHQVZLWKDQHGJH OHQJWKRIPP)RUZHOGLQJDFRQVWDQW ODVHU
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)LJ([SHULPHQWDOVHWXSIRUWKHZHOGLQJH[SHULPHQWV
5HVXOWVDQG'LVFXVVLRQ
4.1. Weld seam surfaces 
7KHILUVWFULWHULRQIRUWKHHYDOXDWLRQRIWKHLQIOXHQFHRIFRDWHGILOOHUZLUHVRQODVHUEHDPZHOGLQJRIFRSSHUDOOR\V
LV WKH VXUIDFH RI WKH ZHOG VHDPV ZKLFK LV LPSRUWDQW IRU ZHOG VHDPV LQ YLVLEOH DUHDV RI WKH SURGXFWV +HUH D
FRPSDULVRQRIWKHZHOGVHDPVVKRZQLQ)LJ\LHOGVWRWKHFRQFOXVLRQWKDWWKHLQIOXHQFHRIWKHFRDWLQJVRIWKHILOOHU
ZLUHVRQWKHZHOGVHDPVXUIDFHVLVVPDOOIRUPRVWRIWKHZHOGVHDPV$QH[FHSWLRQWRWKLVFDQEHVHHQIRUWKHVLPLODU
&X2)MRLQWLQ)LJHZKHQILOOHUZLUHZLWKDWLQFRDWLQJRIPWKLFNQHVVLVXVHG,QWKLVFDVHWKHZLGWKRIWKH
ZHOGVHDPDVZHOODV WKHYDULDWLRQRI WKHZHOGVHDPZLGWKDORQJ WKHZHOGVHDPFRQWRXU LV UHGXFHGDQG WKHZHOG
VHDP LV FRYHUHGE\ D GHQVHGDUN OD\HU%HVLGHV WKLV)LJ  F QLFNHO FRDWHG ILOOHUZLUH WKLFNQHVV P DOVR
VKRZVDGHQVHOD\HULQVRPHDUHDV7KXVLWFDQEHFRQFOXGHGWKDWIRUVLPLODU&X2)MRLQWVWLQDQGQLFNHOFRDWLQJV
ZLWKDWKLFNQHVVRIPGRQRWGLVVROYHFRPSOHWHO\LQWKHPHOWDQGUHPDLQDVDOD\HURQWKHVXUIDFHRIWKHZHOG
VHDPVDOWKRXJKWKHYROXPHRIWKHFRDWLQJDPRXQWVRQO\RIWKHYROXPHRIWKHILOOHUZLUH)RUWKHVLPLODUMRLQWRI
&X6QLQWKHERWWRPURZLQ)LJFRDWLQJVZLWKDWKLFNQHVVRIP)LJKDQG)LJMOHDGWRLQFUHDVHG
ZHOGULSSOLQJZKLFKLQGLFDWHVDKLJKHUYLVFRVLW\RIWKHPHOW,QFRQWUDVWWRWKHVLPLODU&X2)MRLQWVWKHXVHRIFRDWHG
ILOOHUZLUHVQROD\HUVFDQEHUHFRJQL]HGRQWKHZHOGVHDPVVXUIDFHV&RQVHTXHQWO\WKHUHLVDFKDQJHLQPL[LQJRIWKH
PHOWLI&X6QEDVHPDWHULDOLVXVHG
)LJ7RSYLHZVRIVLPLODUFRSSHUDOOR\ZHOGVHDPVLQEXWWMRLQWFRQILJXUDWLRQ8SSHUURZ&X2)MRLQWVDXQFRDWHGEQLFNHOFRDWLQJ
WKLFNQHVVPFQLFNHOFRDWLQJWKLFNQHVVPGWLQFRDWLQJWKLFNQHVVPHWLQFRDWLQJWKLFNQHVVPERWWRPURZ&X6Q
MRLQWVIXQFRDWHGJQLFNHOFRDWLQJWKLFNQHVVPKQLFNHOFRDWLQJWKLFNQHVVPLWLQFRDWLQJWKLFNQHVVPMWLQFRDWLQJ
WKLFNQHVVPDOOODWHUDODQJOHRILQFLGHQFHODVHUSRZHU:JDSZLGWKPPZHOGLQJYHORFLW\PPLQ
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4.2. Cross-section of the weld seams 
)RU IXUWKHU LQYHVWLJDWLRQV RQZHOG VHDP JHRPHWU\ FURVVVHFWLRQV RI WKHZHOG VHDPV DUH SUHSDUHG LQ RUGHU WR
GHWHUPLQH WKH FURVVVHFWLRQDO DUHD WKHZHOG VHDPZLGWK DQGZHOG UHLQIRUFHPHQW RI WKH MRLQWV )LJ  VKRZV WKH
FURVVVHFWLRQVFRUUHVSRQGLQJWRWKHWRSYLHZVLQ)LJ$QDORJLFDOO\WRWKHWRSYLHZVWKHXVHRIFRDWHGILOOHUZLUHV
LQGXFHVVRPHVPDOOGLIIHUHQFHV LQ WKHFURVVVHFWLRQVRI WKHVLPLODU&X2)DVZHOODV WKHVLPLODU&X6Q MRLQWV ,Q
FDVHRIWKH&X2)MRLQWVFRDWHGILOOHUZLUHVJDLQVRPHJHRPHWULFDOFKDQJHVRIWKHZHOGVHDPJHRPHWU\HJKLJKHU
ZHOGUHLQIRUFHPHQWVDVZHOODVDODUJHUFURVVVHFWLRQDODUHD)XUWKHUPRUHWKHFRDWHGILOOHUZLUHVLQGXFHDFKDQJHLQ
WKHPHWDOOXUJLFDOFRPSRVLWLRQRIWKHZHOGVHDPV7KXVDFRPSDULVRQRIGLIIHUHQWFRDWLQJPDWHULDOVE\PHDQVRIWKH
FURVVVHFWLRQV )LJ  EH VKRZV VRPH FKDQJH LQ WKH PLFURVWUXFWXUH RI WKH ZHOG VHDPV 'XH WR WKH JRRG
VROXELOLW\RIQLFNHOLQSXUHFRSSHUQRIRUPDWLRQRIIXUWKHUSKDVHVFDQEHUHFRJQL]HGIRUWKHQLFNHOFRDWHGILOOHUZLUHV
LQ)LJ  E DQG)LJ  F ,Q FRQWUDVW WKH FURVVVHFWLRQV RI WKHZHOG VHDPVZHOGHGZLWK WLQ FRDWHG ILOOHUZLUHV
LQGLFDWHGFKDQJHVLQPLFURVWUXFWXUHUHFRJQL]DEOHE\VRPHGDUNHUDUHDVZLWKLQWKHFURVVVHFWLRQ)LJGDQG)LJ
H7KHVHGDUNHU DUHDVDUHFDXVHGE\ WKH IRUPDWLRQRI VROLG VROXWLRQVRI FRSSHU DQG WLQ%HVLGHV WKHFKDQJHV LQ
PLFURVWUXFWXUHDOOFRDWLQJVLQGXFHWKHIRUPDWLRQRIVPDOOSRUHVGXHWRRUJDQLFUHVLGXHVRQWKHEDVHPDWHULDOVDQGWKH
ILOOHUZLUHV7KXVFRDWHGILOOHUZLUHVLQFUHDVHWKHVXVFHSWLELOLW\WRWKHIRUPDWLRQRISRUHV
&RPSDUHGWRWKHVLPLODU&X2)MRLQWVWKHZHOGVHDPJHRPHWU\RIWKHVLPLODU&X6QFRQQHFWLRQVLVFKDQJHG
ZKLFKLVUHSUHVHQWHGE\VPDOOHUZHOGUHLQIRUFHPHQWVDQGKLJKHUZHOGVHDPZLGWKVRIDOO&X6QFRQQHFWLRQV7KLVLV
FDXVHGE\WKHORZHUKHDWFRQGXFWLYLW\DQGPHOWLQJWHPSHUDWXUHRIWKH&X6QEDVHPDWHULDOVRWKDWOHVVWKHUPDO
HQHUJ\LVGLVVLSDWHGWRUHPRWHDUHDVDQGWKHPHOWSRROVL]HLQFUHDVHV,QFRQWUDVWWRWKH&X2)MRLQWVQRFKDQJHVLQ
PLFURVWUXFWXUHRIWKHZHOGVHDPVFDQEHLGHQWLILHGIRUWKH&X6QFRQQHFWLRQV)LJIMVLQFHWKHVROXELOLW\IRU
QLFNHOLVKLJKDQGVROLGVROXWLRQVRIWLQDQGFRSSHUDOUHDG\H[LVWGXHWRWKHDOOR\LQJFRPSRVLWLRQRIWKHEDVH
PDWHULDOV
,QRUGHUWRTXDQWLI\WKHHIIHFWRIFRDWHGILOOHUZLUHVRQWKHZHOGVHDPVKDSHFKDUDFWHULVWLFSURSHUWLHVRIWKHZHOG
VHDP JHRPHWU\ DUHPHDVXUHG IRU HDFK RI WKH WKUHH UHSHWLWLRQV RI RQH VHW RI SDUDPHWHUV )LJ  VKRZV WKH FURVV
VHFWLRQDO DUHD IRU&X2)DQG&X6Q MRLQWVZHOGHGZLWK ILOOHUZLUHV DQGGLIIHUHQW FRDWLQJV ,QFDVHRI WKH&X2)
MRLQWV WKH FURVVVHFWLRQDO DUHD LQFUHDVHV IRU ERWK FRDWLQJPDWHULDOV DQG D FRDWLQJ WKLFNQHVVRI P7KLV FDQEH
H[SODLQHGE\WZRIDFWRUV2QWKHRQHKDQGFRPSDUHGWRFRSSHUERWKFRDWLQJPDWHULDOVKDYHDKLJKHUDEVRUSWLRQDW
URRPWHPSHUDWXUHIRUWKHLQIUDUHGODVHUUDGLDWLRQXVHGIRUWKHH[SHULPHQWV7KXVDKLJKHUDPRXQWRIODVHUHQHUJ\LV
DYDLODEOHIRUWKHSURFHVV2QWKHRWKHUKDQGWKHFRSSHUEDVHPDWHULDORIWKHILOOHUZLUHQH[WWRWKHFRDWLQJLVDOUHDG\
KHDWHGXSE\KHDWFRQGXFWLRQGXHWRWKHKLJKHUWHPSHUDWXUHRIWKHILOOHUZLUH$VDEVRUSWLRQRIFRSSHUIRULQIUDUHG
)LJ&URVVVHFWLRQVRIVLPLODUFRSSHUDOOR\ZHOGVHDPVLQEXWWMRLQWFRQILJXUDWLRQ8SSHUURZ&X2)MRLQWVDXQFRDWHGEQLFNHOFRDWLQJ
WKLFNQHVVPFQLFNHOFRDWLQJWKLFNQHVVPGWLQFRDWLQJWKLFNQHVVPHWLQFRDWLQJWKLFNQHVVPERWWRPURZ&X6Q
MRLQWVDXQFRDWHGEQLFNHOFRDWLQJWKLFNQHVVPFQLFNHOFRDWLQJWKLFNQHVVPGWLQFRDWLQJWKLFNQHVVPHWLQFRDWLQJ
WKLFNQHVVPDOOODWHUDODQJOHRILQFLGHQFHODVHUSRZHU:JDSZLGWKPPZHOGLQJYHORFLW\PPLQ
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UDGLDWLRQ LQFUHDVHV DW HOHYDWHG WHPSHUDWXUH WKLV SKHQRPHQRQ DOVR SURYLGHV D KLJKHU DPRXQW RI HQHUJ\ IRU WKH
SURFHVVZKHUHE\WKHFURVVVHFWLRQDODUHDRIWKHZHOGVHDPVLQFUHDVHV%HVLGHVWKLVSRVLWLYHHIIHFWWKHYDULDWLRQRI
WKHFURVVVHFWLRQDODUHDLVDOVRLQFUHDVLQJZKLFKLVLQGLFDWHGE\DKLJKHUVWDQGDUGGHYLDWLRQ&RQWUDU\WRWKHZHOGLQJ
UHVXOWVZLWKILOOHUZLUHVZLWKPFRDWLQJWKLFNQHVVWKHFURVVVHFWLRQDODUHDRIWKHZHOGVHDPVZHOGHGZLWKFRDWHG
ILOOHUZLUHVZLWKDFRDWLQJWKLFNQHVVRIPGHFUHDVHVDVZHOODVWKHDVVRFLDWHGVWDQGDUGGHYLDWLRQV2QHUHDVRQIRU
WKLVLVWKHKLJKHUYROXPHRIWKHFRDWLQJZKLFKKDVWREHPROWHQZLWKLQWKHSURFHVVDQGUHTXLUHVDQH[WUDDPRXQWRI
HQHUJ\-FRPSDUHGWRWKHWKLQQHUFRDWLQJV7KLVSKHQRPHQRQDOVRRFFXUVIRUWKHVLPLODU&X6QMRLQWVZKLFK
DUHSUHVHQWHG LQ WKH ULJKWGLDJUDP LQ)LJ$V&X6QKDVD ORZHUPHOWLQJ WHPSHUDWXUHDQGKHDWFRQGXFWLYLW\DV
ZHOOVDVDKLJKHUDEVRUSWLRQIRULQIUDUHGZDYHOHQJWKDWURRPWHPSHUDWXUHWKDQ&X2)WKHFURVVVHFWLRQDODUHDVDUH
GHFUHDVLQJ IRU WKHXVHRIFRDWHG ILOOHUZLUHVGXH WRH[WUDDPRXQWRIHQHUJ\EHLQJFRQVXPHG WRPHOW WKHFRDWLQJV
&RQVHTXHQWO\ WKHZHOGVHDPVZHOGHGZLWKFRDWHGILOOHUZLUHVRIDFRDWLQJ WKLFNQHVVRIPKDYHD ODUJHUFURVV
VHFWLRQDO DUHD WKDQ WKHZHOGVHDPVZHOGHGZLWKFRDWHG ILOOHUZLUHVRI DFRDWLQJ WKLFNQHVVRIP )LJ ULJKW
GLDJUDP
)LJVKRZVWKHZHOGVHDPZLGWKVDWWKHWRSVLGHRIWKHZHOGVHDPVIRUWKHMRLQWVZKLFKFURVVVHFWLRQDODUHDVDUH
SUHVHQWHGLQ)LJ$VRQO\IXOOSHQHWUDWLRQZHOGVDUHDFKLHYHGGXULQJWKHZHOGLQJH[SHULPHQWVDQGWKHUHDUHMXVW
VPDOO YDULDWLRQV LQZHOG UHLQIRUFHPHQW DQG URRW VDJJLQJ FKDQJHV LQ WKH FURVVVHFWLRQDO DUHDV RI WKHZHOG VHDPV
VKRXOGRQO\FKDQJHZLWKDYDU\LQJZHOGVHDPZLGWK$FFRUGLQJO\WKHUHVXOWVIRUWKHVHDPZLGWKVDWWKHWRSVLGHLQ
)LJVKRXOGFRUUHVSRQGWRWKHFURVVVHFWLRQDODUHDVVKRZQLQ)LJ7KLVLVFRQILUPHGE\DOOZHOGVHDPZLGWKVRI
WKH VLPLODU&X2) DQG&X6Q MRLQWV DOWKRXJK LQ VRPH FDVHV WKH VWDQGDUG GHYLDWLRQ LV KLJKHU ,Q WKHVH FDVHV WKH
FURVVVHFWLRQDODUHDVWD\VFRQVWDQWGXHWRDYDU\LQJIRUPRIWKHZHOGVHDPZKLFKLVUHDOL]HGE\DKLJKHUZHOGVHDP
ZLGWKDWWKHERWWRPVLGHDKLJKHUZHOGUHLQIRUFHPHQWRUDKLJKHUURRWVDJJLQJUHVSHFWLYHO\
 
)LJ&URVVVHFWLRQDODUHDRIVLPLODUFRSSHUDOOR\ZHOGVHDPVLQEXWWMRLQWFRQILJXUDWLRQ/HIWKDQGVLGH&X2)MRLQWVZHOGHGZLWKILOOHUZLUH
ZLWKGLIIHUHQWFRDWLQJVULJKWKDQGVLGH&X6QMRLQWVZHOGHGZLWKILOOHUZLUHZLWKGLIIHUHQWFRDWLQJVDOOODWHUDODQJOHRILQFLGHQFHODVHU
SRZHU:JDSZLGWKPPZHOGLQJYHORFLW\PPLQ
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
4.3. Electrical resistance 
6LQFHFRSSHULVDOVRXVHGLQPDQ\HOHFWULFDODSSOLFDWLRQVHJHOHFWURPRELOLW\WKHHOHFWULFDOORVVHVZLWKLQWKHFRQGXFWRUVDUHRISDUWLFXODU
LPSRUWDQFH)RUWKLVUHDVRQWKHHOHFWULFDOUHVLVWDQFHRIWKHMRLQWVLVPHDVXUHGXVLQJWKHIRXUSRLQWPHWKRGZKLFKLVVXLWDEOHIRUVPDOOUHVLVWDQFHV
7KHGLVWDQFHEHWZHHQWKHPHDVXULQJWLSVLVVHWWRDFRQVWDQWYDOXHRIPPLQRUGHUWRPLQLPL]HWKHLQIOXHQFHRIWKHPHDVXULQJOHQJWK7KH
UHVXOWVRIWKHUHVLVWDQFHPHDVXUHPHQWVIRUWKHVLPLODU&X2)DQG&X6QMRLQWVZHOGHGZLWKFRDWHGILOOHUZLUHVDUHSUHVHQWHGLQ)LJ+HUHWKH
HOHFWULFDOUHVLVWDQFHRIWKH&X6QMRLQWVLVPRUHWKDQVL[WLPHVKLJKHUWKDQWKHUHVLVWDQFHRIWKH&X2)FRQQHFWLRQVZKLFKFRUUHVSRQGVWRWKH
YDOXHVNQRZQIURPOLWHUDWXUH
7DEOH)RUWKH&X2)MRLQWVSUHVHQWHGLQWKHOHIWGLDJUDPLQ)LJHOHFWULFDOUHVLVWDQFHLQFUHDVHVIRUWKHXVHRIFRDWHGILOOHUZLUHV7KHUHDVRQ
IRUWKLVLVWKHORZHUHOHFWULFDOFRQGXFWLYLW\RIWKHFRDWLQJPDWHULDOV
7DEOHDQGDVHOHFWULFDO UHVLVWDQFH LQFUHDVHVZLWKDQ LQFUHDVLQJIUDFWLRQRIDOOR\LQJHOHPHQWVZLWKLQ WKHZHOG
VHDPKLJKHUFRDWLQJWKLFNQHVVHVDOVRUHVXOWLQKLJKHUHOHFWULFDOUHVLVWDQFH
)LJ:HOGVHDPZLGWKDWWKHWRSVLGHRIVLPLODUFRSSHUDOOR\ZHOGVHDPVLQEXWWMRLQWFRQILJXUDWLRQ/HIWKDQGVLGH&X2)MRLQWVZHOGHGZLWK
ILOOHUZLUHZLWKGLIIHUHQWFRDWLQJVULJKWKDQGVLGH&X6QMRLQWVZHOGHGZLWKILOOHUZLUHZLWKGLIIHUHQWFRDWLQJVDOOODWHUDODQJOHRILQFLGHQFH
ODVHUSRZHU:JDSZLGWKPPZHOGLQJYHORFLW\PPLQ
)LJ(OHFWULFDOUHVLVWDQFHRIVLPLODUFRSSHUDOOR\ZHOGVHDPVLQEXWWMRLQWFRQILJXUDWLRQ/HIWKDQGVLGH&X2)MRLQWVZHOGHGZLWKILOOHUZLUH
ZLWKGLIIHUHQWFRDWLQJVULJKWKDQGVLGH&X6QMRLQWVZHOGHGZLWKILOOHUZLUHZLWKGLIIHUHQWFRDWLQJVDOOODWHUDODQJOHRILQFLGHQFHODVHU
SRZHU:JDSZLGWKPPZHOGLQJYHORFLW\PPLQ
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6LQFH&X6QEDVHPDWHULDODOUHDG\FRQWDLQVVL[ZHLJKWSHUFHQWRIWLQ WKHFRQWULEXWLRQRIWKHDOOR\LQJHOHPHQWV
RULJLQDWLQJIURPWKHFRDWLQJVRIWKHILOOHUZLUHVKDYHDFRPSDUDWLYHO\ORZHULQIOXHQFHRQWKHHOHFWULFDOUHVLVWDQFHRI
WKH VLPLODU&X6Q MRLQWV WKDQRQ WKH&X2I MRLQWV ,Q DGGLWLRQ WKHZHOG VHDPJHRPHWU\ DV SUHVHQWHG LQ WKH ULJKW
GLDJUDPVLQ)LJDQG)LJDIIHFWVWKHHOHFWULFDOUHVLVWDQFHRIWKHMRLQWV6LQFHWKHZHOGVHDPKDYHDKLJKHUFRQWHQW
RIDOOR\LQJHOHPHQWVFRPSDUHGWR WKHEDVHPDWHULDOVDOVRWKHHOHFWULFDOUHVLVWDQFHZLWKLQWKHZHOGVHDPLVKLJKHU
&RQVHTXHQWO\ LI WKH ZLGWK RI WKH ZHOG VHDP LV VPDOOHU DOVR WKH GLVWDQFH ZLWK D KLJKHU HOHFWULFDO UHVLVWDQFH LV
UHGXFHGDQGWKHWRWDOHOHFWULFDOUHVLVWDQFHRIWKHMRLQWVLVORZHU&RQVHTXHQWO\WKHHOHFWULFDOUHVLVWDQFHRIWKHMRLQWV
ZHOGHGZLWKFRDWHGILOOHUVGHFUHDVHVFRPSDUHGWRWKHZHOGVHDPVZKLFKDUHSURGXFHGZLWKXQFRDWHGILOOHUZLUHV$Q
HYDOXDWLRQRIWKHLQIOXHQFHRIGLIIHUHQWFRDWLQJVRIWKHILOOHUZLUHVRQWKHHOHFWULFDOUHVLVWDQFHRIWKHMRLQWVSURYLGHV
UHVXOWVDQDORJRXVWRWKH&X2)MRLQWVZKHUHDVKLJKHUFRDWLQJWKLFNQHVVHVOHDGWRKLJKHUHOHFWULFDOUHVLVWDQFH
4.4. Tensile tests 
)RUWKHGHWHUPLQDWLRQRIWKHPHFKDQLFDOSURSHUWLHVRIWKHZHOGHGMRLQWVXQLD[LDOWHQVLOHWHVWVDVGHVFULEHGLQ',1
(1,62DQG',1(1,62DUHFDUULHGRXW)RUWKLVSXUSRVHWKUHHIODWWHQVLOHWHVWVSHFLPHQVDFFRUGLQJWR
',1(1,62IRUP+[DUHSUHSDUHGIRUHDFKVHWRISDUDPHWHUV)LJSUHVHQWVWKHUHVXOWLQJVWUHVV
VWUDLQGLDJUDPVIRUWKHVLPLODU&X2)FRQQHFWLRQV7RSUHVHUYHFODULW\WKHUHVXOWVIRUWKHGLIIHUHQWFRDWLQJPDWHULDOV
DUHSUHVHQWHGVHSDUDWHO\ZLWKWKHUHVXOWVRIWKHMRLQWVZHOGHGZLWKQLFNHOFRDWHGILOOHUZLUHVLQWKHOHIWGLDJUDPDQG
WKHVWUHVVVWUDLQGLDJUDPVRIWKHFRQQHFWLRQVZHOGHGZLWKWLQFRDWHGILOOHUZLUHVRQWKHULJKWKDQGVLGH:LWKLQWKH
GLDJUDPV WKH VROLG OLQHV UHSUHVHQW WKH MRLQWV ZHOGHGZLWK XQFRDWHG ILOOHUZLUHVZKHUHDV WKH GDVKHG OLQH DQG WKH
GRWWHGOLQHVPDUNWKHUHVXOWVIRUWKHFRDWLQJWKLFNQHVVHVPDQGPUHVSHFWLYHO\%HVLGHVWKLVDOVRWKHFRORURI
WKH JUDSKV FKDQJHV VR WKDW WKH MRLQW ZHOGHGZLWK XQFRDWHG ILOOHU ZLUHV VROLG OLQHV DUH SUHVHQWHG LQ OLJKW JUH\
ZKHUHDVWKHMRLQWVZHOGHGZLWKFRDWHGILOOHUZLUHVDUHGHSLFWXUHGE\GDUNJUH\FRDWLQJWKLFNQHVVPGDVKHGOLQHV
DQGEODFNFRDWLQJWKLFNQHVVPGRWWHGOLQHVJUDSKV,IDVSHFLPHQIDLOHGDWDQHORQJDWLRQDWEUHDNRIOHVVWKDQ
RIWKHPD[LPXPHORQJDWLRQDWEUHDNRIDVSHFLPHQZHOGHGZLWKWKHVDPHVHWRISDUDPHWHUVWKHIDLOXUHRIWKH
VSHFLPHQVLVDVVXPHGWREHDSUHPDWXUHIDLOXUH
)RUWKHQLFNHOFRDWLQJVWKHLQWHUSUHWDWLRQRIWKHJUDSKV)LJOHIWGLDJUDPSURYLGHVDFOHDUWUHQG7KHQXPEHU
RIVSHFLPHQVZKLFKVKRZDSUHPDWXUHIDLOXUHGXULQJWKHWHQVLOHWHVWVGHFUHDVHVZLWKLQFUHDVLQJFRQWHQWRIDOOR\LQJ
HOHPHQWVZLWKLQWKHZHOGVHDPVIURPWZRIRUWKHXVHRI:LUH$VROLGOLQHOLJKWJUD\JUDSKVWRRQHGDVKHGOLQH
GDUN JUD\ DQG ]HUR GRWWHG OLQHV EODFN IRU WKH XVH RI FRDWHG ILOOHUZLUHV )XUWKHUPRUH VROLG VROXWLRQ KDUGHQLQJ
LQFUHDVHVZLWK LQFUHDVLQJ FRQWHQW RI DOOR\LQJ HOHPHQWVZKLFK FDQ EH VHHQ E\ WKH VWURQJHU LQFUHDVH RI WKH WHQVLOH
VWUHVVDQGWKHVOLJKWO\KLJKHUWHQVLOHVWUHQJWKIRUWKHVSHFLPHQVZHOGHGZLWKILOOHUZLUHVDQGDFRDWLQJWKLFNQHVVRI
P:LUH&EODFNGRWWHGOLQHV%HVLGHVWKLVWKHHORQJDWLRQDWEUHDNLVGHFUHDVLQJIURPDERXWWRIRU
WKHXVHRIILOOHUZLUHVZLWKKLJKHUFRDWLQJWKLFNQHVVHV:LUH&EODFNGRWWHGOLQHV7KLVWUHQGDOVRDSSOLHVIRUWKH
MRLQWVZHOGHGZLWKWLQFRDWHGILOOHUZLUHVLQWKHULJKWGLDJUDPLQ)LJ7KHUHVXOWVRIWKHWHQVLOHWHVWVVKRZWKHVDPH
QXPEHURI VSHFLPHQVZLWKDSUHPDWXUH IDLOXUH XQFRDWHG ILOOHUZLUHV VROLG OLQHV OLJKWJUD\PQLFNHO FRDWLQJ
GDVKHGOLQHVGDUNJUD\FRPSDUHGWRWKHMRLQWVZHOGHGZLWKQLFNHOFRDWHGILOOHUZLUHVZKLOHWKHPD[LPXPWHQVLOH
VWUHQJWK DOVR LQFUHDVHV ZLWK DQ LQFUHDVLQJ DOOR\LQJ FRQWHQW ZLWKLQ WKH ZHOG VHDP $GGLWLRQDOO\ WKHUH LV DOVR D
GHFUHDVHRIWKHHORQJDWLRQDWEUHDNIRUWKHMRLQWVZHOGHGZLWKFRDWHGILOOHUZLUHVEODFNGRWWHGDQGULJKWGDUNJUH\
GDVKHGOLQHLQWKHULJKWGLDJUDPLQ)LJIURPWRDERXWULJKWOLJKWJUH\VROLGOLQHWRGDVKHGGDUNJUH\
DQGEODFNGRWWHGOLQHV7KLVYDOXHLVRQO\DERXWRIWKHYDOXHGHWHFWHGIRUWKHMRLQWVZHOGHGZLWKQLFNHOFRDWHG
ILOOHUZLUHVWR)LJOHIWGLDJUDP7KHUHDVRQIRUWKLVFDQEHIRXQGLQWKHIRUPDWLRQRIVROLGVROXWLRQV
IURPWLQDQGFRSSHUZKLFKLQFUHDVHWKHWHQVLOHVWUHQJWKEXWUHGXFHWKHHORQJDWLRQDWEUHDNRIWKHMRLQWV
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)LJ/RFDWLRQRIIDLOXUHRIVLPLODU&X2)MRLQWVZHOGHGLQEXWWMRLQWFRQILJXUDWLRQ&X2)MRLQWVZHOGHGDZLWKRXWFRDWLQJ:LUH$E
ZLWKQLFNHOFRDWLQJRIPWKLFNQHVV:LUH&FZLWKWLQFRDWLQJRIPWKLFNQHVV:LUH(DOOODWHUDODQJOHRILQFLGHQFHODVHU
SRZHU:JDSZLGWKPPZHOGLQJYHORFLW\PPLQ
)LJVKRZVWKHWRSYLHZVRIWKHVSHFLPHQVDIWHUWKHWHQVLOHWHVWVLQRUGHUWRGHWHUPLQHWKHUHJLRQRIEUHDNZLWKLQ
WKHMRLQWV+HUH)LJDGHSLFWVDVSHFLPHQDIWHUDSUHPDWXUHIDLOXUHGXULQJWKHWHQVLOHWHVW7KHUHJLRQRIIDLOXUHLV
DORQJVLGHWKHZHOGVHDPQHDUWKHIXVLRQOLQHVRWKDWWKHPHWDOOXUJLFDOQRWFKEHWZHHQZHOGVHDPDQGKHDWDIIHFWHG
]RQHZDVSUREDELOLW\WKHUHDVRQIRUWKHSUHPDWXUHIDLOXUHRIWKHVSHFLPHQ,QFRQWUDVWERWKMRLQWVZHOGHGZLWKFRDWHG
ILOOHUZLUHV)LJEDQG)LJFEURNHLQWKHKHDWDIIHFWHG]RQHZKLFKLVFDXVHGE\JUDLQFRDUVHQLQJ
&RQFOXVLRQ
:LWKLQ WKLV SDSHU WKH LQIOXHQFH RI VXUIDFH FRDWHG ILOOHU ZLUHV RQ WKH UHVXOWLQJ JHRPHWULFDO HOHFWULFDO DQG
PHFKDQLFDOZHOGVHDPSURSHUWLHV LV LQYHVWLJDWHG ,Q WKLVFRQWH[W WKHDSSOLFDWLRQRIFRDWHG ILOOHUZLUHV LQGXFHV WKH
RFFXUUHQFH RI VXUIDFH OD\HUV IRU VLPLODU &X2) FRQQHFWLRQV DQG ZHOG ULSSOLQJ IRU &X6Q MRLQWV )XUWKHUPRUH
ZHOGLQJZLWKWKLQFRDWHGPILOOHUZLUHVLQFUHDVHVWKHFURVVVHFWLRQDODUHDVPDLQO\E\LQFUHDVLQJWKHZLGWKRIWKH
ZHOGVHDPVLQFDVHRI&X2)ZKHUHE\WKHVHZHOGVHDPFKDUDFWHULVWLFVDUHGHFUHDVLQJIRU&X6QDVEDVHPDWHULDORU
IRUKLJKHUFRDWLQJWKLFNQHVVHVP%HVLGHVWKLVXVLQJFRDWHG&X2)ILOOHUZLUHVLQFUHDVHVHOHFWULFDOUHVLVWDQFH
IRU&X2)EDVHPDWHULDOVDQGGHFUHDVHVLWIRU&X6QEDVHPDWHULDOV&RQVHTXHQWO\LIKLJKFURVVVHFWLRQDODUHDVRI
WKHZHOGVHDPVDVZHOODVDORZHOHFWULFDOUHVLVWDQFHDUHUHTXLUHGFRDWLQJVZLWKDVPDOOHUWKLFNQHVVVHHPVXLWDEOHDQG
WLQEHSUHIHUUHGDVFRDWLQJPDWHULDO LQVWHDGRIQLFNHO:LWKUHJDUG WR WKHPHFKDQLFDOSURSHUWLHVFRDWHGILOOHUZLUHV
LPSURYH WKH WHQVLOH VWUHQJWK DQG WKH SUHYHQWLRQ RI SUHPDWXUH IDLOXUH IDLOXUH DW OHVV WKDQ  RI WKH PD[LPXP
HORQJDWLRQ DW EUHDNZKLFK LV SUREDEO\ FDXVHG E\ WKHPHWDOOXUJLFDO QRWFK EHWZHHQZHOG VHDP DQG KHDW DIIHFWHG
)LJ6WUHVV6WUDLQ'LDJUDPVRIVLPLODU&X2)MRLQWVZHOGHGLQEXWWMRLQWFRQILJXUDWLRQ/HIWKDQGVLGH&X2)MRLQWVZHOGHGZLWKRXWFRDWLQJ
:LUH$ZLWKQLFNHOFRDWLQJRIPWKLFNQHVV:LUH%DQGZLWKQLFNHOFRDWLQJRIPWKLFNQHVV:LUH&ULJKWKDQGVLGH&X2)MRLQWV
ZHOGHGZLWKRXWFRDWLQJ:LUH$ZLWKWLQFRDWLQJRIPWKLFNQHVV:LUH'DQGZLWKWLQFRDWLQJRIPWKLFNQHVV:LUH(DOOODWHUDO
DQJOHRILQFLGHQFHODVHUSRZHU:JDSZLGWKPPZHOGLQJYHORFLW\PPLQ
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]RQH ZKLOH HORQJDWLRQ DW EUHDN GHFUHDVHV DW WKH VDPH WLPH 7KHUHIRUH LI WKH PHFKDQLFDO SURSHUWLHV KDYH WR EH
LPSURYHG WKHXVHRIILOOHUZLUHVZLWKKLJKFRDWLQJ WKLFNQHVVDQG WLQ LQVWHDGRIQLFNHODVFRDWLQJPDWHULDOVFDQEH
UHFRPPHQGHG ,Q VXPPDU\ WKH XVH RI FRDWHG ILOOHU FDQ LPSURYH WKH SURSHUWLHV RI WKH ODVHU EHDPZHOGHG MRLQWV
HVSHFLDOO\IRU&X2)EDVHPDWHULDOVEXW WKHVXFFHVVGHSHQGHQWVRQWKHNLQGRIZHOGLQJDSSOLFDWLRQWKDWKDV WREH
IXOILOOHG
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